Small ubiquitin-like modifier (SUMO) is commonly used as a protein fusion domain to facilitate expression and purification of recombinant proteins, and a SUMO-specific protease is then used to remove SUMO from these proteins. Although this protease is highly specific, its limited solubility and stability hamper its utility as an in vitro reagent. Here, we report improved SUMO protease enzymes obtained via two approaches. First, we developed a computational method and used it to re-engineer WT Ulp1 from Saccharomyces cerevisiae to improve protein solubility. Second, we discovered an improved SUMO protease via genomic mining of the thermophilic fungus Chaetomium thermophilum, as proteins from thermophilic organisms are commonly employed as reagent enzymes. Following expression in Escherichia coli, we found that these re-engineered enzymes can be more thermostable and up to 12 times more soluble, all while retaining WT-or-better levels of SUMO protease activity. The computational method we developed to design solubility-enhancing substitutions is based on the RosettaScripts application for the macromolecular modeling suite Rosetta, and it is broadly applicable for the improvement of solution properties of other proteins. Moreover, we determined the X-ray crystal structure of a SUMO protease from C. thermophilum to 1.44 Å resolution. This structure revealed that this enzyme exhibits structural and functional conservation with the S. cerevisiae SUMO protease, despite exhibiting only 28% sequence identity. In summary, by re-engineering the Ulp1 protease and discovering a SUMO protease from C. thermophilum, we have obtained proteases that are more soluble, more thermo-stable, and more efficient than the current commercially available Ulp1 enzyme.
The ability to express and purify recombinant proteins is critical to studying their structure and function. Genetic fusion to the C terminus of small ubiquitin-like modifier (SUMO) 5 can chaperone folding and increase the soluble yield obtained from heterologous protein expression (1) (2) (3) (4) . An affinity tag, such as polyhistidine, is generally fused to the N terminus of SUMO to facilitate purification. The SUMO fusion is readily removed via digestion with the highly specific SUMO protease, which can leave the target protein intact without residual amino acids at its N terminus (i.e. no "scar" residues remain).
The most commonly employed SUMO fusion system utilizes the Saccharomyces cerevisiae SUMO protein Smt3 and SUMO protease Ulp1 (1, 2) . In vivo, Ulp1 functions as an essential isopeptidase that is responsible for processing pre-Smt3 and generating mature Smt3 that ends with the canonical di-glycine motif. Ulp1 also functions by cleaving Smt3 off of proteins that have been conjugated post-translationally (5) . Natively, Ulp1 is a 621-amino acid protein, and residues 403-621 constitute a conserved protease domain (2) . This fragment can be purified without the N-terminal residues, is constitutively active, and can be used for removing genetically fused SUMO domains from recombinant protein in vitro in reactions that are analogous to the processing of pre-Smt3 (2); we will refer to this construct as Ulp1_WT. The active site is characteristic of papain-like cysteine proteases, and the catalytic triad consists of a cysteine nucleophile (Cys-580) coordinated by a histidine (His-514) and an acid (Asp-531). When functioning as a peptidase, Ulp1_WT is highly tolerant to sequence diversity at PЈ residue positions; the only restriction is that the P1Ј residue cannot be a proline (6) .
Commercially available Ulp1_WT is prone to precipitation at room temperature and includes detergent to maintain solubility (Thermo Fisher Scientific, catalog no. 12588018). Precipitation of the enzyme can lead to incomplete digestion of SUMO fusion constructs as well as potentially nucleate This work was supported in part by NIGMS, National Institutes of Health, Grants R01GM065872 (to C. D. L.), R35GM118080 (to C. D. L.), and P30 CA008748 (NCI-Cancer Center Support Grant). C. D. L. holds a patent for a rapidly cleavable SUMO fusion protein expression system for difficult to express proteins. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. This article contains supporting RosettaScripts xml design protocols and models for Ulp1_R1 to Ulp1_R4 and Cth SUMO protease. The atomic coordinates and structure factors ( aggregation of target proteins. To uncover determinants of Ulp1_WT that lead to poor solubility, we analyzed the structure of Ulp1_WT (PDB code 1EUV) using Rosetta and identified 10 hydrophobic residues that project outward toward solvent from the protein surface, not including residues involved in SUMO binding or the active site ( Fig. 1A and Table 1 ). These residues are far enough from functional sites that they are unlikely to contribute to protease activity in vitro.
In this study, we sought to improve the current state-of-theart protease by two orthogonal approaches. First, we used computational protein design to engineer Ulp1_WT and remove the solvent-exposed hydrophobic surfaces by mutating nonpolar amino acids to polar amino acids. Second, we mined the genome of a thermophilic organism for a homologous enzyme. We assessed these new proteases for solubility, thermostability, and enzyme activity. The enzymes reported here exhibit improved behavior as in vitro reagents when compared with Ulp1_WT.
Results and discussion

Computational design of solubility-enhancing mutations to Ulp1
Previous studies that leveraged computational methods to enhance protein solubility and minimize aggregation focused on restricting large contiguous hydrophobic patches during design of the entire protein surface (8) or on modulation of surface charge (9) . For this application, our goal was to minimize the amount of nonessential hydrophobic surface exposed to solvent while introducing the fewest possible number of mutations, as preserving enzymatic activity was paramount.
Using Rosetta, we developed a generally applicable computational method that identifies hydrophobic residue positions on the surface of a protein and determines amino acid substitutions to polar residues that yield low-energy solutions (see supporting information for the RosettaScripts XML protocol). To do this, the algorithm performs iterative rounds of flexible backbone design (10) , and the positions of all C␣ atoms are constrained to favor retention of the starting coordinates. We utilized the previously reported crystal structure of Ulp1_WT in complex with Smt3 (PDB code 1EUV) as the starting model (2) . In total, 10 hydrophobic residues that project toward solvent from the protein surface were detected and designed ( Table 1 ). Residues on Ulp1_WT that form the interface with the substrate Smt3 were detected by the algorithm, and the catalytic triad residues were manually specified; these residues were not permitted to mutate (Fig. 1B) .
We generated 10 designs and selected four for testing in the wet laboratory (which we have named Ulp1_R1-Ulp1_R4). These four variants were selected because they were maximally different from one another with regard to amino acid sequence and exhibited high sequence similarity at designed positions with human and mouse SUMO proteases (see supporting information for the designed structural models). The algorithm's results converged at four of the designed residue positions, and in each case, this amino acid is predicted to form a new salt bridge. Mutation of Ile-567 to Arg can form a salt bridge with Asp-565; mutation of Ile-605 to Glu enables a salt bridge with Arg-609; and mutation of Ala-539 and Phe-542 to Asp and Lys, respectively, enables these two residues to form a salt bridge. These charge-charge interactions are favored by the energy function over mutations that do not result in the formation of an ionic bond. 
Identification of a SUMO protease from thermophilic fungi
The SUMO system is unique to eukaryotes, and whereas there are no known hyperthermophilic eukaryotes, the single-celled fungus Chaetomium thermophilum, originally isolated from compost, is a thermophile that can grow at temperatures up to 60°C (11) . This organism has generated considerable interest within the structural biology community, as proteins from organisms that grow at high temperature are generally more stable and more amenable to crystallization than proteins from mesophiles (12) .
The genome of C. thermophilum was recently sequenced (13) , and currently there is no annotated SUMO protease gene. To identify candidates, we performed a BLASTp search (14) with Ulp1_WT as the query sequence. The top scoring alignment was to UniProtKB accession number G0RZV7, which is annotated as "specific protease-like protein" and exhibits 28% sequence identity over the aligned region with Ulp1_WT ( Fig.  2A ). To further investigate, we predicted the three-dimensional structure of the domain that aligns to Ulp1_WT using Robetta (15) . The predicted model indicates this sequence adopts a structure that is highly similar to Ulp1_WT (Fig. 2C ). The catalytic triad and active site residues were structurally conserved, and surprisingly, many of the residues that mediate binding to the SUMO substrate were also conserved (see supporting information for the predicted model). This suggested that the sequence encoded a SUMO protease, which we will refer to henceforth as Cth SUMO protease (or Cth), and it seemed likely that this enzyme could recognize the S. cerevisiae SUMO protease substrate Smt3.
SUMO protease variants exhibit enhanced solubility and thermostability
We began characterization of the protease variants by expressing each protein in Escherichia coli with a polyhistidine tag, followed by purification via immobilized metal-affinity chromatography and size-exclusion chromatography. The overall expression yields were similar; 10 -35 mg of purified protein were obtained per liter of culture.
Methods that can quantitatively assess the maximum solubility of a protein rely on the addition of a chemical precipitant to reduce protein solubility; we chose to use the nonionic surfactant PEG 8000 (16) . The maximum theoretical protein solubility (S 0 ) is obtained via log-linear regression analysis of protein solubility versus an increasing amount of precipitant (17, 18) . It is important to note that such measurements of apparent solubility do not represent actual solubility, as this value is inherently dependent upon solution conditions (e. g. ionic strength, pH, temperature, etc.). However, this assay does enable a quantitative comparison of the relative solubility between different SUMO protease constructs.
Each of the SUMO protease variants exhibits improved solubility over Ulp1_WT; Ulp1_R3 is the most soluble, with over a 12-fold increase in maximum concentration (Fig. 3 ). The least soluble of the designed proteases is Ulp1_R4, which exhibits nearly a 2-fold increase in solubility ( Table 2) . Cth SUMO protease is also more soluble than Ulp1_WT, with a one-third increase in solubility. These data are consistent with the model that solvent-exposed hydrophobic residues drive lower solubility for Ulp1_WT in aqueous solution.
Next, we sought to determine the effect of design on the structure and folded state of the Rosetta-engineered Ulp1 variants and to further characterize the putative Cth SUMO protease. Steady-state CD spectra revealed that all of the proteases contain a mixed ɑ/␤ character at 20°C (Fig. 4A ). As expected, the Cth SUMO protease melts at higher temperature than its mesophilic homologue Ulp1_WT, and upon heating, Ulp1_ WT and Cth SUMO protease both undergo a cooperative unfolding transition with melting temperatures at 40 and 50°C, respectively (Fig. 4B) . A visible protein precipitate was observable in the cuvette following thermal denaturation for Ulp1_WT and Cth SUMO protease. Similar to other Ulp1-like SUMO proteases, the full-length Cth SUMO protease includes a large N-terminal domain that may be required for protein stability at the higher temperatures at which C. thermophilum can grow. Curiously, only Ulp1_R4 of the Rosetta-designed variants undergoes a clear, cooperative unfolding transition upon heating. For all designs, some of the structural character reported by the far-UV wavelength measurements appears to melt with a T m that ranges from 31 to 38°C when monitoring the CD signal at 208 nm (Fig. 4B ), and this may represent a soluble, partially unfolded state, as we did not observe precipitate in the cuvette for any of the designed variants after heating.
Enzyme kinetics of SUMO protease variants
Sequence changes can impact enzymatic function, even when distal to the catalytic machinery (19) . Thus, we sought to determine the effect of mutation on the rate of proteolysis for the Ulp_R1-4 variants and to determine whether Cth SUMO protease exhibited activity on the S. cerevisiae substrate protein Smt3. To accomplish this, we used an EGFP-Smt3-mCherry linear fusion construct whereby the cleavage after Smt3 is monitored by a loss of FRET (20, 21) .
Kinetic analysis revealed that the Rosetta design Ulp1 variants all exhibit V max and K m values comparable with those of the WT enzyme, indicating that solubility enhancement had little effect on enzyme activity ( Fig. 5A ). By extension, the Rosetta variants likely retain WT specificity for Smt3, because a change in substrate specificity should result in a change to the measured specificity constant (k cat /K m ), whereas the Rosetta variants exhibit similar specificity constants for the cleavage of EGFP-Smt3-mCherry as compared with Ulp1_WT ( Table 2 ). The Cth SUMO protease has roughly an order of magnitude higher K m but also a V max that is over 4-fold faster than Ulp1_WT (Fig. 5B, Table 2 ). Although the resulting lower specificity constant of the Cth SUMO protease may be due to intrinsic properties of the enzyme, it is more likely the result of S. cerevisiae Smt3 being a suboptimal substrate. When used in vitro with high substrate concentration, the weak K m may not be problematic, and the higher maximum rate could make Cth SUMO protease the superior reagent enzyme. At low substrate concentrations, or when the reaction needs to go to completion quickly, the Rosetta-designed Ulp1 variants would be the better reagents. Regardless, these data clearly demonstrate that Cth SUMO protease (UniProtKB accession number G0RZV7) encodes a bona fide SUMO protease.
SUMO protease engineering X-ray crystal structure of Cth SUMO protease
To determine the structural basis for Cth SUMO protease activity and to assess the accuracy of the Robetta structure prediction, we crystallized the protease domain of the Cth SUMO protease. We solved the X-ray crystal structure by molecular replacement using the structure of Ulp1_WT as the search model after removal of loops and side chains that differed based on sequence alignments (PDB code 1EUV). Molecular replacement yielded a solution that was improved by iterative rounds of building and refinement. The structure revealed one molecule of Cth SUMO protease per asymmetric unit. The model was refined to 1.44 Å with R work and R free values of 11.9 and 14.8%, respectively, and excellent geometry ( Fig. 6A ; also see Table 3 ).
Overall, the structure of Cth SUMO protease closely resembles previously determined Ulp1/SENP structures ( Fig. 6A) (2, (21) (22) (23) (24) (25) and aligns to the S. cerevisiae Ulp1_WT-Smt3 structure (PDB code 1EUV, chain A) with an RMSD of 1.7 Å (C␣ over 187 Figure 2 . A, structure-based sequence alignment of Ulp1/SENP family members. Residues belonging to the catalytic triad are marked with asterisks. Residues of Ulp1_WT that directly contact Smt3 (2) are marked above with blue dots. Vertical black lines in the SENP6 and SENP7 sequences denote gaps due to the absence of SENP6-and SENP7-specific loops in the other proteases. B, structure-based sequence alignment of Smt3/SUMO variants, including the potential SUMO ortholog from C. thermophilum (CTHT_0059470). Residues that contact Ulp1_WT in PDB entry 1EUV are marked above with blue dots. C, a cartoon model of Ulp1_WT (cyan) is shown aligned to the Robetta-predicted model of Cth SUMO protease (magenta). The substrate Smt3 from S. cerevisiae is shown as a transparent molecular surface (gray). Side chains for identically conserved active-site and substrate-binding residues are shown as sticks. Models for Ulp1_WT and Smt3 are from PDB entry 1EUV.
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residues; Fig. 6A ). The catalytic Asp-His-Cys triad and the glutamine that contributes to the formation of the oxyanion hole exhibit similar conformations when Cth and Ulp1_WT structures are compared (Fig. 6B ). The conserved tryptophan and glycine residues (Trp-992, Trp-1071, and Gly-1132) that line the narrow catalytic tunnel occupy similar positions in the Cth structure as they do in several other structures of Ulp1/SENPs complexed with Smt3/SUMO. However, a notable exception occurs with Cth Trp-992, which would clash with the modeled C-terminal tail of Smt3 (Fig. 6B ). This clash is most likely because SUMO is absent in our Cth structure, as the analogous Trp residue in SENP-1 (Trp-410) also rotates to accommodate SUMO-2 upon binding (24) .
Although the SUMO-interacting surface of Cth SUMO protease resembles those of other Ulp1/SENPs, several substitutions in Cth indicate potential differences in interaction with its cognate SUMO(s), possibly explaining the weaker interaction with S. cerevisiae Smt3 that we observe in our FRET assay (as judged by the increase in K m ). In Ulp1_WT, Glu-434 is within hydrogen-bonding distance of Smt3 Gln-73, whereas it is substituted to Pro-976 in the Cth SUMO protease (Fig. 6C ). Whereas this residue is not strictly conserved in the Ulp1/SENP 
family, Ulp1_WT and SENP1, -2, and -6 have polar residues in this position ( Fig. 2A) . The probable C. thermophilum SUMO homolog (gene ID: CTHT_0059470) as well as human SUMO-2 and SUMO-3 also have a glutamine/asparagine in the corresponding position, although in human SUMO-1, this residue is substituted to alanine (Fig. 2B) . The salt bridge between Ulp1_WT Glu-455 and Arg-71 of Smt3 appears absent in Cth as Glu-455 is substituted to Ile-999 ( Fig. 6C ). This residue is conserved as charged or polar side chains in all members of the Ulp1/SENP family ( Fig. 2A) . Arg-71 of Smt3 is conserved in human SUMO-1 and the Cth SUMO homolog but is substituted to a proline in SUMO-2 and SUMO-3 (Fig. 2B ). Both Thr-477 and Asn-509 of Ulp1_WT are within hydrogen-bonding distance of Gln-95 of Smt3, with Asn-509 within hydrogenbonding distance of the backbone of Ile-96 of Smt3 (Fig. 6C) . Thr-477 is substituted to Pro-1031, and Asn-509 corresponds to Cys-1066 in Cth (Fig. 6C) , thus suggesting that hydrogenbonding interactions observed in Ulp1_WT-Smt3 are not present between Cth and its cognate SUMO substrate(s). Pro-1031 is conserved as charged or polar in all Ulp1/SENPs with the exception of SENP-2, where it is also a proline ( Fig. 2A) . Cth Cys-1066 is conserved as an asparagine or histidine in all Ulp1/ SENPs ( Fig. 2A) . All SUMO variants, including that of Cth, have a glutamine in this position (Fig. 2B) . Several other differences between the SUMO-binding interfaces of Ulp1_WT and Cth SUMO protease are evident from the structure-based alignment. A universally conserved tryptophan in other Ulp1/SENPs is substituted to leucine in Cth (Leu-1044). In structures of Ulp1/SENP proteases, this tryptophan packs against a highly conserved glycine in Smt3 and contributes hydrogen bonds to the backbone of Smt3, SUMO-1, and SUMO-2/3 (Figs. 2 (A and B) and 6C) (2, (21) (22) (23) (24) . Mutation of this tryptophan to alanine in Ulp1_WT results in temperaturesensitive growth defects in S. cerevisiae (2) . Thus, the presence of leucine in this position in Cth suggests the possibility of different packing interactions with cognate C. thermophilum SUMO variant(s), although at least one of these variants, CTHT_0059470, retains the conserved glycine (Fig. 2B) . Another Ulp1_WT residue that presumably contributes to Smt3 recognition is Gln-512, which is within hydrogen-bonding distance to Arg-93 and the backbone of Smt3. In Cth, this residue is substituted to Ser-1068 and appears to face away from the modeled Smt3 C terminus (Fig. 6C ). There is poor conservation of this residue among other SENPs, indicating that it may not be important for Smt3/SUMO recognition ( Fig. 2A) . Finally, it is worth noting that the Cth SUMO protease is more closely related to S. cerevisiae Ulp1 (i.e. Ulp1_WT) and human SENP1, -2, -3, and -5 and is quite different from SENP6 and SENP7, which have unique structural features and are more adept at deconjugating SUMO chains ( Fig. 2A) (25) .
Conclusion
We have obtained proteases that are more soluble, more thermostable, and more efficient than the current commercially available state-of-the-art Ulp1_WT enzyme both by successful re-engineering of Ulp1_WT and discovery of a new SUMO protease from C. thermophilum (Table 2) . To accomplish this, we created an automated computational design method that is generally applicable to improving the solubility of proteins. Combining bioinformatic analysis with structure prediction allowed us to successfully identify a functional homologue to Ulp1_WT despite low sequence identity, and this could be a generalizable approach for assigning function to many unannotated genes.
The solubility of each protease we assessed roughly tracks with the amount of hydrophobic surface area that is exposed to solvent (Table 4 ). However, it is unclear what drives the 5-fold difference in S 0 between Ulp1_R2 and Ulp1_R4, as these proteins exhibit the same amount of hydrophobic surface. The surface area calculations for Ulp1_WT and Cth SUMO protease are based on models determined via X-ray crystallography, whereas Ulp1_R1-4 are based on the Rosetta models, which may not represent the solution structure of these proteins as accurately as the experimentally determined models. However, we hypothesize that there are additional factors contributing to the observed solubility differences between these constructs, and the computational design protocol and assays described here will provide an ideal model system for future investigation.
For researchers looking to utilize an improved SUMO protease for preparation of recombinant protein, we recommend Ulp1_R3 or Cth SUMO protease. Expression plasmids for the engineered protease constructs reported in this study have been made available via Addgene. Table 2 ). Error bars, S.D. from three or more replicates.
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Experimental procedures
Computational protein design
Generally applicable computational methods to design solubility-enhancing mutations and to calculate the solventaccessible surface areas (total, hydrophobic, and nonpolar) were developed using the RosettaScripts application programming interface (26) for Rosetta (27) . The xml protocols needed to run these methods are available in the supporting material.
Molecular cloning
E. coli codon optimization was performed using DNAworks (28) . The gene for Ulp1_WT was cloned into vector pET28b (Novagen) with an N-terminal hexahistidine tag followed by a thrombin cleavage site. Ulp1_R1-4 were cloned into vector pET29b with a hexahistidine tag at both the N and C termini; these are plasmids pCDB325-328. Cth SUMO protease was cloned into vector pCDB98 with a C-terminal decahistidine tag; this plasmid is pCDB302.
Protein expression and purification
All Ulp1 variants and Cth SUMO protease were expressed and purified as follows. BL21(DE3)RIL cells were grown to optical density 0.6 -0.8 at 37°C and then induced by the addition of 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside and grown at 18°C for an additional 16 -20 h (1 liter/construct). Cells were harvested by centrifugation and resuspended in 10 ml of buffer A (50 mM Tris, pH 7.5, 500 mM NaCl, 20 mM imidazole, 0.5 mM EDTA, 1 mM DTT) supplemented with 1.5 l of benzonase (Sigma, E1014-25kU), lysed by sonication at 4°C, and centrifuged at 39,000 ϫ g at 4°C for 25 min. The supernatant was applied to 2.5 ml of Ni 2ϩ -NTA beads prewashed with buffer B (50 mM Tris, pH 7.5, 500 mM NaCl, 20 mM imidazole, 0.25 mM EDTA, 0.5 mM DTT) and incubated at 4°C for 20 min. The Ni 2ϩ -NTA beads were washed with 100 ml of buffer B, and sample was eluted with 10 ml of buffer C (50 mM Tris, pH 7.5, 500 mM NaCl, 250 mM imidazole, 0.25 mM EDTA, 0.5 mM DTT). The eluted sample was applied to a Superdex 75 26/60 column equilibrated in buffer D (50 mM Tris, pH 7.5, 200 mM 
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NaCl, 5% (v/v) glycerol, 2 mM DTT, 1 mM EDTA). Fractions containing the highest purity of Ulp1 as judged by SDS-PAGE were concentrated down to 1-1.5 ml using spin columns, and concentration was measured by A 280 using a NanoDrop (Thermo Scientific). Concentrated protein was aliquoted, flash-frozen in liquid N 2 , and stored at Ϫ80°C for later use.
EGFP-Smt3 GGGG -mCherry was expressed and purified as follows. BL21(DE3)RIL cells (4 liters) were grown to optical density 0.6 -0.8 at 37°C and then induced by the addition of isopropyl ␤-D-1-thiogalactopyranoside to 1 mM and grown for an additional 4 h at 30°C. Cells were lysed and subjected to Ni 2ϩ -NTA purification as described above for Ulp1 variants, except 4 ml of Ni 2ϩ -NTA beads per 4 liters of culture were used.
The EGFP-Smt3 GGGG -mCherry Ni 2ϩ -NTA eluate was injected onto a Superdex 75 26/60 column equilibrated in buffer E (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT). Appropriate fractions were pooled and diluted 3-fold with buffer F (50 mM MES, pH 6.0, 1 mM DTT, 1 mM EDTA). Diluted sample was applied to a MonoS HR 10/10 column equilibrated in 95% buffer F and 5% buffer G (50 mM MES, pH 6.0, 1 M NaCl, 1 mM DTT, 1 mM EDTA). The column was washed with 3 column volumes of 95% buffer F and 5% buffer G, and the sample was eluted in a linear gradient from 5 to 30% buffer G in 15 column volumes. The MonoS fractions were pooled, diluted 3-fold with buffer H (50 mM Tris, pH 7.5, 1 mM EDTA, 1 mM DTT), and applied to a MonoQ HR 10/10 column equilibrated with 95% buffer H and 5% buffer I (50 mM Tris, pH 7.5, 1 M NaCl, 1 mM EDTA, 1 mM DTT). The MonoQ column was washed with three column volumes of 95% buffer H and 5% buffer I, and the sample was eluted in a linear gradient from 5 to 30% buffer I in 15 column volumes. Fractions containing the highest purity of EGFP-smt3 GGGG -mCherry as judged by SDS-PAGE were pooled, concentrated, and buffer-exchanged into buffer E on the concentrator. Buffer-exchanged sample was concentrated to a final volume of 0.5-1 ml, and the concentration was measured by A 280 using the NanoDrop (⑀ 280 ϭ 56,270 M Ϫ1 cm Ϫ1 ). The sample was aliquoted and flash-frozen in liquid N 2 and stored at Ϫ80°C for later use.
Comparative solubility assay
Solubility measurements were performed by mixing each protease stock solution with increasing concentrations (1-2.5% (w/v) increments) of PEG 8000 (Rigaku). The reactions were allowed to equilibrate at room temperature for 10 min and then centrifuged in an Eppendorf 5430 microcentrifuge at 20,000 rpm for 10 min. The concentration of soluble protease was measured from the supernatant via Bradford assay (Bio-Rad) in a 96-well plate (Costar, catalog no. 3595) using a Synergy Neo2 plate reader (BioTek) with a minimum of three technical replicates. The resulting data were log 10 -transformed, plotted against the concentration of PEG, and fit to a leastsquares regression line. The indicated errors in S 0 are the S.E. of the y intercept as calculated by the S.E. of the regression (S), where S is found by dividing the sum of the squares of the deviation from the best-fit line by the number of data points beyond the minimum two required to fit the specified linear curve (29) .
CD and thermal denaturation
CD measurements were performed using a JASCO J-1500 CD spectrophotometer and a quartz cuvette with a 1-mm light path. Protein samples were prepared in 10 mM sodium phosphate, pH 7.4. Steady-state wavelength spectra were recorded in 0.1-nm increments from 200 to 260 nm at 20 and 95°C. Thermal denaturation was assessed by measuring the CD signal at 208-, 218-, and 222-nm wavelengths in 1°C increments from 20 to 95°C.
FRET assay for EGFP-Smt3 GGGG -mCherry cleavage by Ulp1
All FRET assays were performed in buffer J (25 mM Tris, pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20, 2 mM DTT, 0.5 mM 
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